Mice lacking the Stat1 interferon signaling gene were infected with herpes simplex virus type 1 (HSV-1) or an attenuated recombinant lacking virion host shutoff (⌬vhs). ⌬vhs virus-infected Stat1 ؊/؊ mice showed levels of replication equivalent to that of the wild-type virus-infected control mice but reduced relative to wild-type virus-infected Stat1 ؊/؊ mice. Stat1 deficiency relieves the immunomodulatory deficiency of ⌬vhs virus, but not its inherent growth defect. Also Vhs is dispensable for reactivation.
Herpes simplex virus type 1 (HSV-1) is a ubiquitous human pathogen capable of causing frequent morbidity, although severe disease and mortality are relatively rare. Many of the severe and life-threatening cases of HSV infection are associated with immunocompromised individuals, such as those lacking Stat1 or having interferon (IFN) signaling defects (1, 3) . This lends relevance and credence to the many studies demonstrating susceptibility of Stat1 Ϫ/Ϫ mice to a variety of pathogens. The outcome of a viral infection is believed to be largely determined by the host immune response and viral gene products that act to counter it. HSV codes for a number of gene products that act to antagonize both the innate and adaptive immune responses. One example is the gene that encodes virion host shutoff (Vhs), a virus-encoded RNase capable of degrading both host and viral mRNAs (11) . One model for Vhs function is that it aids viral infection through depletion of host cell mRNA, allowing viral mRNA synthesis and processing to occur without competition. Approximately 200 copies of Vhs are packaged into the viral tegument, and thereby Vhs is able to target host cell mRNAs for degradation immediately following infection and prior to de novo viral gene expression (4, 5) . In cell culture, Vhs-null viruses have only minor defects in replication but have increased sensitivity to IFN and increased dendritic cell activation (20, 26) . In vivo, however, Vhs deletion mutants are profoundly attenuated in terms of replication, virulence, and pathogenesis (22, 25) . The significant attenuation of Vhs-null viruses led to the idea of their use as live attenuated vaccines (10, 15, 27, 28) . In vivo, Vhs plays a role in the evasion of nonspecific and innate defenses, although the precise mechanisms remain obscure (2, 13) . In order to better understand this attenuation, a variety of immune-deficient and congenic control mice were infected in this study with a Vhs-null virus and assayed for replication and virulence relative to a wild-type virus. Furthermore, given the interest in Vhs mutants as live attenuated vaccines, it was of interest to examine their pathogenesis in various immune-deficient mice to assess their potential safety in immunocompromised individuals.
Throughout this study, equal numbers of male and female mice were anesthetized and their corneas were bilaterally scarified and inoculated with either a wild-type (WT) virus (strain KOS) (21) or the Vhs-null virus (UL41NHB, herein referred to as ⌬vhs virus) (25) by adding 2 ϫ 10 6 PFU/eye in a 5-l volume. At the indicated time postinfection, mice were sacrificed and eye swab material, trigeminal ganglia, 6-mm biopsy punches of periocular skin, and brains were collected and assayed for virus by a standard plaque assay as previously described (17) . Mice were housed and treated in accordance with all federal and university policies.
Previously, we reported that replication of an attenuated Vhs-null virus was not altered in RNase L-deficient or RNAdependent protein kinase-deficient mice, and there was only a partial restoration of growth in mice lacking the type I and type II IFN receptors (13, 23 ). In the current study, the replication of ⌬vhs virus in the cornea was unaltered in either 129SvEv Rag2 Ϫ/Ϫ mice (deficient for T and B cells) or BALB/c gld/lpr mice (Fas and Fas ligand deficient) relative to WT control mice (data not shown). The unaltered replication in the Rag2 Ϫ/Ϫ mice was consistent with previous data (2) .
The rapid clearance of the ⌬vhs virus from mice lacking T and B cells, along with the fact that Vhs-null viruses are more sensitive to IFN, supported the idea that the innate immune response, rather than the adaptive immune response, was responsible for the attenuation of ⌬vhs virus. We next focused on mice lacking the IFN signaling factor Stat1 (14), a crucial component of the innate immune response. In corneas of 129 strain control mice, WT virus replicated to high titers in corneas (6 ϫ 10 4 PFU per ml on day 2) out to 5 days postinfection (dpi) (Fig. 1A) . In contrast, ⌬vhs virus only replicated to low titers (Ͻ1 ϫ 10 1 PFU per ml on day 2) and was cleared rapidly from the corneas within 3 days. In Stat1 Ϫ/Ϫ mice, the WT virus replication was enhanced (3 ϫ 10 6 PFU per ml on day 2) and prolonged and mice succumbed to infection between 7 and 8 dpi. The replication of ⌬vhs virus, however, was also enhanced (7 ϫ 10 4 PFU per ml on day 2), in contrast to its phenotype in control mice. Remarkably, these levels of ⌬vhs virus replica-tion were comparable to those observed for WT virus in control mice.
Similar patterns of viral replication were observed in the trigeminal ganglia and periocular skin tissues in the control and Stat1 Ϫ/Ϫ mice ( Fig. 1B and C) . In Stat1 Ϫ/Ϫ mice, the titer of WT virus was consistently 10-fold greater than that observed in the control mice. In control mice, ⌬vhs virus replication was scarcely detectable at any time point in either tissue, with titers at or below the limit of detection. In contrast, the peak ⌬vhs virus titers in Stat1 Ϫ/Ϫ mice were significantly enhanced and comparable to titers of WT virus in control mice. The clearance of ⌬vhs virus from the Stat1 Ϫ/Ϫ mice, however, was faster than that seen for WT virus infection of the control mice. Following corneal inoculation of the control mice, the WT virus was detectable in brain tissue on 5 dpi, while ⌬vhs virus was never detectable (Fig. 1D) . In brains of Stat1 Ϫ/Ϫ mice, WT virus was detected earlier than in control mice and the titers remained elevated out to 7 dpi. The ⌬vhs virus was detectable in Stat1
Ϫ/Ϫ brains with titers similar to that of WT virus in the control mice. We also found that both the WT and ⌬vhs virusinfected Stat1 Ϫ/Ϫ mice experienced severe disease with significant weight loss and periocular pathology, suggesting a role for Stat1 in controlling the host response (T. Pasieka et al., submitted for publication). Yet, it was notable that mortality was observed only in the WT virus-infected Stat1 Ϫ/Ϫ mice, indicative of a role for Vhs in neurovirulence (data not shown). Taken together, these results demonstrate a crucial role for Stat1-dependent pathways in controlling the growth of an attenuated virus.
Previous work showed significantly reduced levels of establishment of and reactivation from latency by ⌬vhs virus following corneal inoculation compared to WT virus (25) . It was not possible, therefore, to distinguish whether the failure of ⌬vhs virus to reactivate was a failure to establish latency or some inherent requirement for Vhs activity for reactivation from neurons. To address the contribution of Vhs to the establishment of or reactivation from latency, mice were again infected via the cornea. Establishment of latency was determined by real-time PCR to determine latent genome load in trigeminal ganglia as previously described (24) . For normalization, mouse DNA standards were prepared from uninfected trigeminal ganglia, from which the copy number of the mouse adipsin gene was measured and used to normalize thymidine kinase copy number (24) . Consistent with previous results (25), latently infected trigeminal ganglia from control mice infected with WT virus contained significantly more HSV genomes per cell than ⌬vhs virus-infected control mice ( Fig. 2A) . In the Stat1 Ϫ/Ϫ mice, however, the ⌬vhs virus had copy numbers of latent virus genomes that were similar to those observed for WT virus in the control mice. The comparable copy numbers of latent WT virus genomes in the control mice and ⌬vhs genomes in the Stat1 Ϫ/Ϫ mice provided a unique opportunity to assess the role of Vhs in reactivation. Reactivation of latent virus was measured by explant cocultivation as previously described (6) . Using this assay, reactivation frequencies of the WT virus from the control mice and of the ⌬vhs virus from the Stat1 Ϫ/Ϫ mice were similar (Fig. 2B ). This assay confirms that Vhs is not inherently required for reactivation from latency.
Rather, it is more likely that the apparent inability of ⌬vhs virus to reactivate stems from its inability to replicate robustly at the cornea and, as a result, its inability to establish WT virus levels of latent genomes.
The inability of the Stat1 Ϫ/Ϫ mice to initiate a proper IFN response leaves them highly susceptible to a variety of pathogens (9, 16) , and the results presented herein are the first to show a restoration of the growth of a ⌬vhs virus to levels remarkably equivalent to those seen for WT virus in control mice. The replication of WT virus was also enhanced in Stat1 Ϫ/Ϫ mice, further emphasizing the importance of Stat1-dependent pathways for controlling HSV infection. Perhaps the critical point, however, is that despite the loss of Stat1-dependent pathways, the Vhs-deleted virus remains attenuated compared to a WT virus. Together, these findings strongly suggest that loss of Stat1 relieves the loss of the immunomodulatory function of Vhs but cannot compensate for other inherent defects in this mutant. Many previous studies have noted the slight, yet highly reproducible, attenuation of a Vhs-null virus in vitro (12, 18, 19, 25) . In a concurrent study, we found that ⌬vhs virus was attenuated in vitro during a multistep growth analysis in IFN-␣/␤/␥R Ϫ/Ϫ mouse cells, further supporting our hypothesis of an inherent defect in Vhs-null viruses (16a). Further support comes from a recent study detailing changes in ICP4, ICP0, and glycoprotein trafficking in Vhs-null virus infected cells (8) . Similar data were observed for a virus lacking ICP0, consistent with the multifunctional nature of these proteins (7) .
A second key observation is that Vhs was dispensable for reactivation from latency. It is notable that previous studies showed that a virus lacking ICP0 was unable to reactivate from Stat1 Ϫ/Ϫ trigeminal ganglia despite establishment of latency equivalent to that of a WT virus in control mice. ICP0 is required for efficient reactivation, and Stat1 deficiency could not overcome this requirement (7) . This further supports our conclusion that Vhs is not required for reactivation but rather for the robust establishment of latency. Taken together, our observations of enhanced viral replication and induction of disease in Stat1 Ϫ/Ϫ mice suggest that the virulence of even highly attenuated viruses may be a problem in certain immunedeficient populations.
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